The IR and Raman spectra of the monosubstituted hydrosilasesquioxanes RH 7 Si 8 O 12 , R ) Co(CO) 4 , Ph, CHdCHPh, and CH 2 CH 2 Ph, have been analyzed by spectral correlation and a normal coordinate analysis. They were treated as a superposition of the spectra of the siloxane cage and the substituent. 12 , contributing each a case of an Si-C phenyl , Si-C vinyl , and Si-C alkyl bond, respectively. The force constants of the different Si-C bonds were related to the Si-C bond orders and extrapolated for Si-C acetyl of (PhCtCH)H 7 Si 8 O 12 , which is not yet available. The inorganic-substituted hydrosilasesquioxane [Co(CO) 4 (H 7 Si 8 O 12 )] could be analyzed the same way as the organic-substituted compounds and showed a similar pattern for the siloxane cage vibrations. Although most spectral features of the siloxane cages could be understood assuming a local C 3V symmetry, vibrations indicating a lower symmetry occurred in all monosubstituted compounds and could be attributed to vibrational coupling with modes of the substituent. Especially the totally symmetric ring-opening vibration at 456 cm -1 in H 8 Si 8 O 12 showed a specific dependence on the different substituents.
Introduction
Octasilasesquioxanes are members of the cage-shaped oligosilasesquioxanes of the general formula (RSiO 3/2 ) 2n (n ) 2, 3, 4, ...). 1 They show a cube-shaped Si 8 O 12 unit as illustrated in Scheme 1. During the past few years an increasing number of organo-or organometallo-functionalized silasesquioxanes have become available. They are discussed as oligomeric supramolecular materials, 2, 3 as sources for new organosiliceous polymers, 4, 5 and as precursors to organolithic macromolecular materials (OMM's) 6-8 or hybrid inorganic-organic materials. [9] [10] [11] Moreover, it has been shown that atomic hydrogen can be encapsulated stably in the Si 8 O 12 cage. 12 Hydrosilasesquioxanes (R ) H) have been fruitfully viewed as readily available model compounds for studying specific aspects of zeolites or silica surfaces. [13] [14] [15] [16] [17] [18] Especially H 8 Si 8 O 12 has been thoroughly investigated by X-ray and neutron diffraction, 19, 20 as well as NMR 21 and vibrational spectroscopies. 14, 22 Hydrosilation of H 8 Si 8 O 12 leads to monosubstituted and higher substituted octanuclear silasesquioxanes, [23] [24] [25] which can be separated by size exclusion liquid chromatography. 26 The compounds RH 7 Si 8 O 12 with R ) Co(CO) 4 12 form a series of molecules composed of a siloxane cage, which is connected to a phenyl group by a Si-C alkyl , Si-C phenyl , and Si-C vinyl bond, respectively. (PhCtCH)H 7 Si 8 O 12 , which is not available yet, would complete this series by contributing the case of the Si-C acetyl bond. We are interested in the vibrational structure of these molecules for theoretical and practical reasons. The theoretical interest stems from their structural similarity with characteristic building elements of zeolites. This has allowed transfer of force constants determined for H 8 Si 8 O 12 to these extended structures. 14 The notion of ringopening vibrations, which was introduced for O h -H 8 Si 8 O 12 , opened a gate for studying the pore-opening vibrations, which are believed to play an important role in the dynamics and the transport properties of zeolites. 15 15 have therefore been thoroughly investigated by IR, Raman, and INS (inelastic neutron scattering) spectroscopies. 22 Moreover, IR and Raman spectroscopies provide an important tool for the identification and characterization of silasesquioxanes. The vibrational structure of PhH 7 Si 8 O 12 has been discussed in detail on the basis of a normal coordinate analysis. 29 For (PhCHdCH)H 7 Si 8 O 12 and (PhCH 2 CH 2 )H 7 Si 8 O 12 a preliminary analysis has been given in ref 30 . It was shown that the IR and Raman spectra of the investigated compounds are best understood as superpositions of the spectra of the siloxane cages and the substituents.
In this work the analysis of monosubstituted hydrosilasesquioxanes will be extended to an inorganic-substituted octahydrosilasesquioxane. In [Co(CO) 4 (H 7 Si 8 O 12 )] the Co(CO) 4 substituent is connected to the siloxane cage by a Si-Co bond. The IR and Raman spectra of this molecule will be treated the same way as the ones of the organic-substituted compounds. The investigated RH 7 Si 8 O 12 molecules, R ) Co(CO) 4 , Ph, CHdCHPh, and CH 2 CH 2 Ph, form a good basis for a comparison of the vibrations of the substituted and unsubstituted siloxane cages. Special attention will be paid to the ring-opening vibrations. Moreover, the organic-substituted molecules allow a comparison of the Si-C alkyl , Si-C vinyl , and Si-C phenyl bonds. transverse electromagnetic mode TEM 00 at 9395 cm -1 . Rayleigh scattering was blocked by three holographic super notch filters (Kaiser Optical Systems) in a 6°angle position. A 2 mm thick anodized aluminum plate with a 1 mm diameter hole into which the probe was slightly pressed served as sample holder. As the spectrum of [Co(CO) 4 (H 7 Si 8 O 12 )] was not corrected for filter characteristics, the intensities of the two peaks close to the detection limit at 115 and 109 cm -1 are lowered by the filter characteristics.
Calculations. The vibrational analysis was performed by the Wilson GF matrix method 31 with the computer program package QCMP0676. 32 The force field of [Co(CO) 4 4 group. The bond lengths and angles are listed in Table  1 . They correspond for the siloxane cage to the ones used for 
Results and Discussion
Figures 3 and 4 show the IR and Raman spectra of the four investigated monosubstituted octahydrosilasesquioxanes. It was shown that the spectra of RH 7 Si 8 O 12 (R ) Ph, CHdCHPh, CH 2 -CH 2 Ph) can be understood as superpositions of the vibrational structure of the substituent and the siloxane cage. 29, 30 Although complex spectra are expected because of the size and low symmetry of these molecules, most peaks can be assigned by spectral correlations with similar compounds. Yet, for a final assignment a normal coordinate analysis of all fundamentals was found to be necessary. The symmetry reduction was best described by treating the substituent as a point mass. This led to local C 3V symmetry for the siloxane cages. Peaks or splittings, which cannot be explained by this local symmetry, also occurred and were due to vibrational coupling with modes of the substituent. 4 300 cm -1 ) of the Co(CO) 4 Table 4 . All peaks could be assigned to either vibrations of the substituent or the siloxane cage with one exception: the two vibrations at 461 and 449 cm -1 in the Raman spectrum both show similar contributions of axial CoC stretching and O-Si-O bending movements.
Vibrational Analysis of [Co(CO)
CO Stretching Vibrations. The CO stretching vibrations, which are situated at ca. 2000 cm -1 , have been investigated thoroughly for different metal carbonyl compounds. [39] [40] [41] [42] Assuming C 3V symmetry for the Co(CO) 4 fragment, they form an E and two A 1 type vibrations. The similar intensities of the two A 1 modes exhibited in the IR spectra of different metal carbonyl compounds led to the conclusion that the equatorial and the axial A 1 CO stretching movements are coupled. This was also confirmed by the depolarization ratio observed in the Raman spectra of [Co(CO) 4 Si-Co Stretching Vibration. The Si-Co stretching vibration is assigned to the sharp Raman peak of medium intensity at 220 cm -1 , which exhibits 33% Si-Co stretching character in the potential energy distribution. The vibration at 329 cm -1 also showed considerable Si-Co stretching character (15%). Si-Co stretching vibrations of similar compounds are located at 318 cm -1 ([Co(CO) 4 The siloxane cage vibrations show a similar pattern as in other monosubstituted octahydrosilasesquioxanes and will therefore be discussed in the next section together with the siloxane cage spectra of the other investigated compounds.
Siloxane Cage Vibrations of Monosubstituted Octahydrosilasesquioxanes
A comparison of the siloxane cage vibrations of the RH 7 -Si 8 O 12 molecules (R ) Co(CO) 4 , Ph, CHdCHPh, CH 2 CH 2 Ph, Table 5 for the IR and in Table 6 for the Raman spectra. Compared with H 8 -Si 8 O 12 no large frequency shifts are observed. It can be seen that the introduction of a substituent gives rise to additional peaks and peak splittings. The influence of the substituent will be discussed below in detail.
Si-H Stretching Vibrations (2200-2300 cm -1 ). This region consists in the IR spectra of all monosubstituted compounds of one absorption, which exhibits a slight broadening due to the substituent (fwhh ) 
in the crystal. In the case of an organic substituent this splitting is reduced. This is in accordance with the X-ray diffractions of (C 6 H 13 
Ring-Opening Vibrations (400-500 cm -1 ). The IR spectra of all monosubstituted compounds as well as of H 8 Si 8 O 12 show a broad absorption at ca. 470 cm -1 and a sharp one at ca. 400 cm -1 due to ring-opening vibrations. The Raman spectra are dominated by the strong peak at ca. 450 cm -1 , which is also due to a ring-opening vibration. This region will be treated more thoroughly in the next section.
Vibrations of the Framework below 400 cm -1 . Below 400 cm -1 only Raman data are available. All monosubstituted compounds show a sharp line between 310 and 340 cm -1 , which is strongest for [Co(CO) 4 (Table 7 ). This analysis revealed in two cases three and in two cases four A 1 and four E ring-opening vibrations for the monosubstituted compounds. Compound (R ) H) wavenumber/cm -1 symmetry The A 1 ring-opening vibrations are illustrated graphically in Figure 7 . For each vibration the minimal and maximal displacements of the rings I and II are shown. In this representation the substituent is connected to the rings I at the down right position. As an effect of the symmetry reduction, the contribution of the ν (Si-O) Figure 7 .
Ring-Opening Vibrations
A strong dependence on the specific substituent exhibits the totally symmetric ring-opening vibration, which forms a very strong sharp peak at 456 cm -1 in the Raman spectrum of H 8 Figure 7 shows that it performs a strong ring-opening movement of all six 4-rings. In PhH 7 Si 8 O 12 the vibrations at 427 and 462 cm -1 both perform a ring-opening movement, the ring-opening 
Correlation of the Si-C Stretching Force Constants and Bond Orders
The compounds RH 7 Si 8 O 12 (R ) CH 2 CH 2 Ph, CHdCHPh, and Ph) exemplify Si-C alkyl , Si-C vinyl , and Si-C phenyl bonds, respectively. The corresponding stretching frequencies and force constants are listed in Table 8 . The potential energy distribution indicates contributions of the Si-C stretching coordinate between 30 and 50%. As different coordinates participate in these vibrations, the frequency positions will be influenced by contributions from several coordinates, and it is therefore not possible to deduce a trend for the Si-C bond orders on the basis of the measured frequencies. In the case of PhH 7 Si 8 O 12 also a mass effect could be responsible for the low Si-C stretching frequency, the higher mass in this case being due to the direct connection of the phenyl ring to the siloxane cage. More representative for the bond strengths than the frequencies are the force constants. Table 8 shows that the force constants indicate indeed a different trend than the frequencies with a stronger Si-C bond for Si-C phenyl and Si-C vinyl than Si-C alkyl . It seemed therefore interesting to compare the force constant trend with the Si-C bond orders of RH 7 Si 8 O 12 (R ) CH 2 CH 2 Ph, CHdCHPh, and Ph) calculated by the EHMO method. 44 For this calculation the same parameters were used as in ref 45 . Figure 8 shows that the force constants and the bond orders both increase in the series Si-C alkyl , Si-C vinyl , Si-C phenyl . The extrapolation for (PhCtC)H 7 Si 8 O 12 leads to a force constant value F(ν(SiC acetyl )) ) 3.67 mdyn/Å.
Conclusions
The IR and Raman spectra of the monosubstituted hydrosilasesquioxanes RH 7 Si 8 O 12 (R ) Co(CO) 4 , Ph, CHdCHPh, and CH 2 CH 2 Ph) have been analyzed by spectral correlation and a normal coordinate analysis. Special attention was paid to the Si-C stretching and the ring-opening vibrations. Although most spectral features of the siloxane cages could be understood assuming a local C 3V symmetry, vibrations indicating a lower symmetry occurred in all monosubstituted compounds and were due to vibrational coupling with modes of the substituent. Especially the totally symmetric ring-opening vibration at 456 cm -1 in the Raman spectrum of H 8 This analysis forms the basis for the investigation of the siloxane cage vibrations occurring in disubstituted octahydrosilasesquioxanes R′R′′H 6 Si 8 O 12 and for the study of the vibrational interactions between the two substituents R′ and R′′ in these systems. Three isomers exist in the case of disubstitution as shown in Scheme 3 for R′ ) Ph and R′′ ) CHdCHPh. These compounds should become available by hydrosilation of a monosubstituted hydrosilasesquioxane and subsequent separation of the mixtures. 46 
